Ochratoxin A (OTA) has been found in a wide range of commodities and is highly toxic to both humans and animals. Therefore, a good understanding of the mechanisms of OTA production by fungi will contribute to the development of eco-friendly methods to mitigate this toxin. In this study, the results showed that Penicillium citrinum X9-4, which was isolated from infected grapes in our laboratory, produced the highest amount of OTA at pH 5 in culture media, and toxin production was restrained under an acidic environment (pH 3). Then, differentially expressed proteins of P. citrinum X9-4 cultured under these two conditions were analyzed by proteomic technology. Additionally, through the analysis of the transcriptome data of P. citrinum cultured at pH 3 and 5, the differentially expressed genes have been found to be involved in many metabolic pathways including amino acid transport and metabolism, transport and metabolism of carbohydrates, inorganic ion transport and metabolism, biosynthesis of secondary metabolites, and energy and supply metabolism, which are likely to be involved in the regulation of OTA biosynthesis. It was also revealed that the expression levels of some OTA synthesisrelated enzymes, such as acetyltransferase, acyl coenzyme A oxidase, alcohol oxidase, cytochrome P450, acetyl xylan esterase, and turn ketol enzyme, and genes for the regulation of toxin synthesis pathways were reduced under acidic culture conditions.
Introduction
Ochratoxin A (OTA) is found in a variety of plant and animal products aer infection of the produce by lamentous species belonging to some genera of Aspergillus and Penicillium. OTA is classied as a possible human carcinogen (Group 2B) by the International Agency of Research on Cancer (IARC, 1993) , and it exhibits nephrotoxicity, hepatotoxicity, neurotoxicity, teratogenicity, and immunotoxicity; [1] [2] [3] hence, it poses potential hazard to human and animals. OTA is a common mycotoxin contaminant of a wide range of foods and their products, which includes cereals, grapes, coffee, nuts, spices, cocoa beans, and other products processed from these substances. Aer cereals, grapes and its derived products are the second most contaminated products with OTA. The role of OTA in the etiology of Balkan endemic nephropathy and its association with urinary tract tumors have also been proved. OTA forms a benzoquinone electrophile following activation by cytochrome P450 enzymes and radical species triggered by enzymes with peroxidase activities. 4, 5 OTA is particularly toxic to the human body due to its high stability. 6 Based on the strong toxicity and pathogenicity of OTA, some organizations and institutions have established official regulations and guidelines for maximum levels of OTA content in food.
OTA was rst reported to be caused by Penicillium verrucosum and Aspergillus ochraceus in cereals and its derived products. 7 The main OTA-producing strains include Penicillium 8 and Aspergillus genera, a few Petromyces genera, and Cladosporium strains. [9] [10] [11] Black aspergilli (i.e., Aspergillus niger and Aspergillus carbonarius) have been found to produce OTA in commodities such as wine, grapes, and raisins in occident. 12 The rate of OTA synthesis is inuenced by the kind of substrate contamination, environmental conditions, and geographical regions. 13 In temperate climate, OTA is mainly produced by Penicillium species, whereas in tropical and subtropical areas, it is produced by Aspergillus species.
14 Although the pathway of OTA biosynthesis has not been completely elucidated in detail to date, some steps of the toxin biosynthesis pathway have been clearly elucidated. [15] [16] [17] It is clear that the pathway of ochratoxin biosynthesis involves several crucial steps such as biosynthesis of the isocoumarin group through a reaction catalyzed by polyketide synthase (PKS), ligation of the isocoumarin group with amino acid phenylalanine through the carboxyl group in a reaction catalyzed by a peptide synthetase, and chlorination; however, the order of the reactions is not well dened to date. 18 There is a clear evidence of the involvement of polyketide synthase in OTA production in A. ochraceus, 19 Penicillium nordicum/verrucosum, 20 and A. carbonarius, 21 and the involvement of the non-ribosomal peptide synthetase (nrps) has been unequivocally demonstrated in A. carbonarius only. 22 The pathway is still fragmentary, and some genes are missing during the virtual overlap between the hypothesized biochemical pathway and the genes found in putative OTA clusters of both Aspergillus and Penicillium. 19, 23 It is reported that mycotoxin biosynthetic genes are oen coordinately regulated and arranged in clusters.
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Studies based on differential expression proles are oen performed to identify genes and proteins related to OTA biosynthesis. To identify the putative OTA biosynthetic genes in A. ochraceus, O'Callaghan et al. 15 focused on two putative cytochrome P450 monooxygenase genes by comparing their expression proles in permissive and restrictive media. Additionally, it was reported that polyketide synthase gene (pks) and nonribosomal peptide synthetase gene (nrps) were related to OTA biosynthesis in P. nordicum. 27 A putative OTA biosynthetic cluster has been identied, containing biosynthetic genes encoding (i) PKS (otapksPN), (ii) nonribosomal peptide synthetase (NRPS) (otanpsPN) putatively responsible for the formation of the peptide bond between polyketide and phenylalanine, (iii) a gene (otachlPN) with some homology to chlorinating enzymes, which may be involved in the chlorination step, and (iv) a gene (otatraPN) with high homology to a transport protein hypothesized to be involved in OTA export. 28 An interesting thing is that otapksPN gene is present only in P. nordicum and not in P. verrucosum; this indicates that genetic differences also exist between both OTA-producing Penicillium species. 29 However, none of the necessary genes for the biosynthesis of this harmful toxin have been found to date.
The effect of pH on the growth and OTA production of P. citrinum was investigated. Proteomics and transcriptomic analysis of P. citrinum cultured at different pH values were performed to reveal the underlying mechanisms of OTA biosynthesis regulated by pH. This study will reveal the regulation mechanisms of OTA biosynthesis, enrich the gene database of OTA production genera, and assist in developing effective strategies for the protection of food and feed from OTA contamination.
Materials and methods

Fungal strains
P. citrinum X9-4 was isolated from the infected grape berries in our laboratory and deposited in the China Center for Type Culture Collection (CCTCC), and the collection number was CCTCC AF 2016008. The strain P. citrinum X9-4 was incubated on a potato dextrose agar medium (PDA: 200 mL of extract from 200 g boiled potatoes, 20 g dextrose, 20 g agar, and 800 mL distilled water) for 7 days at 25 C before being used for the experiment; then, conidia were counted using a hemocytometer and adjusted to a concentration of 1 Â 10 6 conidia per mL with sterile distilled water. OTA production was determined using Czapek Yeast Extract agar (CYA, purchased from Oxoid Ltd., Basingstoke, Hampshire, England), which contained (per liter of medium) 1 g KH 2 PO 4 , 10 mL Cza-concentrate, 1 mL trace metal solution, 5 g yeast extract, 30 g sucrose, and 15 g agar.
2.2 pH assay and determination of the growth and OTA production of P. citrinum
The pH value of the medium was adjusted to 3, 5, 7, 9, and 11 by adding HCl or NaOH before autoclaving. The pH value was measured using the pH meter PHS-3B (Shanghai Lida Instrument Factory, Shanghai, China). For the acidied medium (pH 3.0), agar was sterilized separately and then added to the sterilized medium to avoid solidication. The pH value of each medium was checked aer sterilization. Aliquots of 100 mL of P. citrinum spore suspension with a concentration of 1 Â 10 6 conidia per mL were inoculated using the Petri dish-smearing method. Petri dishes were incubated at 25 C in dark. Each assay was performed in duplicate. Then, two weeks aer inoculation, mycelium and spores were obtained for protein and RNA extraction.
To determine the mycelium growth of the strain P. citrinum X9-4 under different culture conditions, the colony diameter was chosen as the evaluation index. Then, 2.5 mL of 1 Â 10 6 conidia per mL of P. citrinum X9-4 was inoculated in the single point of the culture solid medium at 25 C (a w ¼ 90%) for 7 days; aer this, the colony diameter was measured using a Vernier caliper. Each plate was measured three times, and the experiment was repeated twice. For the determination of OTA production of the strain X9-4 under different pH culture conditions, 100 mL of 1 Â 10 6 conidia per mL of P. citrinum X9-4 was spread by a coated rod on CYA plates (containing 30 mL CYA medium) for 2 weeks; then, a whole plate was extracted using 5 mL methanol by shaking to obtain a uniform mixture and deposited in dark for 3 hours. The extracts were ltered through a 0.22 mm lter for OTA detection. OTA production was determined by a high-performance liquid chromatograph equipped with a uorescence detector (Agilent Technologies 1260, America). Agilent ZORBAX SB-C18 reversed-phase HPLC analytical column (250 mm Â 4.6 mm, 5 mm) was used, and the column temperature was 30 C. The excitation and emission wavelengths were set at 330 nm and 460 nm, respectively. The mobile phase comprised a mixture of acetonitrile and 1% acetic acid (60 : 40, v/v) at a ow rate of 1 mL min À1 in the isocratic elution mode.
Proteome analysis
2.3.1 Total protein extraction. To extract proteins, the abovementioned mycelium and spores were cultured at the pH values of 3 and 5; aer being harvested, they were ground into powder using liquid N 2 . The powder was homogenized in an Eppendorf tube containing 10 mL of cold TE buffer (1.518 g Tris-base, 0.073 g EDTA, adjusted to pH 8.0 with 1 M HCL, dissolved with MilliQ water to 250 mL, and stored at 4 C). Then, to hydrolyze DNA and RNA in the homogenate. The homogenate was centrifuged for 30 min at 12 000 Â g, and the supernatant was transferred into a new Eppendorf tube; aer this, equal volume of acetone containing 20% TCA was added. The protein was then precipitated at À20 C for 12-16 hours. The precipitated proteins were obtained aer centrifugation for 60 min at 12 000 Â g, and then, the precipitate was washed twice with cold acetone (stored at À20 C more than 30 min) and centrifuged for 10 min at 12 000 Â g. The precipitate was centrifuged instantaneously, and all visible liquid in the tube was discarded. Then, the protein extracts were air-dried for 5 min before being dissolved in 100 mL lysis buffer (2 M thiourea, 7 M urea, 4% (w/v) CHAPS, 65 mM DTT, and 0.2% (v/v) carrier ampholytes/Bio-Rad) and stored at À80 C until further analysis.
Two-dimensional gel electrophoresis.
Protein extracts for isoelectric focusing and two-dimensional gel electrophoresis were initially quantied using a UV-1601 spectrophotometer (Shimadzu, Japan). Values were veried using modied Bradford-Assay according to Marion M. Bradford 30 using bovine serum albumin (BSA) as a standard. Isoelectric focusing and two-dimensional gel electrophoresis were carried out in biological triplicates for each growth condition. Isoelectric focusing was performed via GE Ettan IPGphor 3 using 24 cm Immobiline™ Drystrip gels with an immobilized pH-gradient, linear from pH 3 to 10; the two-dimensional gel electrophoresis was conducted according to the instructions of the GE manufacturer. A maximum voltage of 3000 V was reached within 4 h and held for 65 000 V h. Aer focusing, the strips were kept at 500 V (for no more than 15 h) to prevent deviation of the focused proteins until they were used directly for electrophoresis. Proteins were separated using EttanDALTsix. Electrophoresis System was carried out in SDS electrophoresis buffer (25 mM Tris, pH 8.8, 192 mM glycine, and 0.1% SDS) at 1 W per strip for 1 h and then at 15 W per strip until the BPB solvent settled at the bottom of the gels. All abovementioned instruments were purchased from GE Healthcare. The gels were stained using a modied Coomassie-protocol, washed twice with MilliQ water, and then stained for 2 h in Coomassie staining solution (45% methanol, 45% MilliQ water, 10% glacial acetic acid, and 2.5 g R250). Aer being stained, the gels were washed with discoloration solution (45% alcohol, 45% MilliQ water, and preserved in 10% glacial acetic acid).
2.3.3 Image analysis. The gels were scanned using Image scanner III and statistically analyzed using Image Master 7.0 analysis soware for spot detection and matching. Protein spot scan intensities were analyzed using a t-test with implemented normalization, and proteins were classied as signicantly regulated when p < 0.05. All the abovementioned instruments were purchased from GE Healthcare.
MS analysis was performed as described by Zhang et al.,
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with some modications. Selected spots were manually excised from gels and placed in Eppendorf tubes. Each gel piece of protein was washed with 350 mL of deionized water for 10 min, and the procedure was repeated twice. Aerward, the gel pieces were dehydrated with 50 mL of 10 mM (NH 4 ) 2 CO 3 /acetonitrile (1 : 1) for 10 min. This process was repeated until the color faded. Then, the gel pieces were dehydrated with 25 mM (NH 4 ) 2 CO 3 and 50% acetonitrile. Next, 3 mL trypsin solution (10 ng mL À1 trypsin in 25 mM (NH 4 ) 2 CO 3 ) was added, and the mixture was kept at 4 C for 30 min until the entire trypsin solution was absorbed by the gel pieces. The gel pieces were then covered with 15 mL of 25 mM (NH 4 ) 2 CO 3 and digested at 37 C overnight for proteolysis. Aer this, 2% TFA was added and centrifuged immediately to terminate the reaction. Herein, 1 mL of the peptide solution was spotted per well in perforated plates and evaporated at room temperature, and this step was repeated once.
HPLC-ESI-TOF-MS/MS analysis of protein spots.
Mass calibrations were carried out using a standard peptide mixture. Mass spectra were acquired using a matrix-assisted laser desorption/ionization time of ight (MALDI-TOF) mass spectrometer (Bruker Daltonics, Germany).
The identication of the vast majority of the proteins was performed using search engine MASCOT Peptide Mass Fingerprint of Matrix Science and compared with NCBInr Swissport databases. The parameters used for MS search included taxonomy, all series; allowed modications, carbamidomethyl of cysteine (xed) and oxidation of methionine (variable); and peptide tolerance, AE0.3 Da. Only the highest Mowse score was considered as the most probable identication and was significant (p < 0.05) when protein scores were greater than 88 (NCBInr) or 70 (swissport). The data were analyzed by analysis of variance (ANOVA) using the statistical program SPSS/PC version II.x, (SPSS Inc. Chicago, Illinois, USA), and the Duncan's multiple range test was used for mean separation. In addition, when two groups of data were compared, the independent-sample t test was applied for mean separation. The statistical signicance was assessed at p < 0.05.
2.4 RNA extraction and transcriptome sequencing 2.4.1 RNA extraction. Total RNA was isolated from aliquots of 0.1 g of mycelia using TRIzol (Tiangen Biotech, Beijing) in accordance with the manufacturer's instruction from abovementioned mycelium and spores when cultured at the pH values of 3 and 5. The integrity of RNA was analyzed using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, US). The concentration and purity of RNA were measured by the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientic, Wilmington, DE).
2.4.2 Construction of cDNA library and illumina sequencing. Each RNA sample of P. citrinum cultured at pH 3 and 5 was used to perform RNA-seq. Herein, three micrograms of high-quality RNA of each sample was used for cDNA library construction and sequencing. Enrichment of mRNA was conducted using magnetic Oligo (dT) beads. RNA sequencing libraries were generated using the NEBNext® Ultra RNA Library Prep kit for Illumina (New England Biolabs, Ipswich, MA, U.S.A.) with multiplexing primers, according to the manufacturer's instructions. The cDNA library was constructed with average inserts of 200 bp (150-250 bp), with non-stranded library preparation. cDNA was puried using AMPure XP Beads (Beckman Coulter, Inc.). Puried double cDNA chains were subjected to end repair and adapter ligation; then, the suitable fragments were selected by Agencourt AMPure XP beads (Beckman Coulter, Inc.), and cDNA library was obtained by PCR enrichment. The Agilent 2100 bioanalyzer and ABI StepOnePlus Real-Time PCR System were used to quantify and qualify the cDNA sample library, respectively. Finally, the library was sequenced via the Illumina Hiseq2500 with the pair-end mode (performed by Genepioneer Biotechnologies Company).
2.4.3 Bioinformatics analysis of the RNA-Seq data. Highquality clean reads were obtained by removing the adaptor sequences, duplicated sequences, ambiguous reads (N), and low-quality reads. Transcriptomes data were separately assembled de novo using Trinity (http://trinityrnaseq.sourceforge.net/ ). To obtain the annotation information of unigenes, the unigene sequences of P. citrinum were searched using BLAST and compared with those obtained using the NR, Swissprot, GO, COG, KOG, and KEGG databases. The FPKM method was used to estimate the gene expression levels. The DEGSeq R package (1.20.0) was used to analyze the differential expression in two samples. The GO (Gene Ontology) database and COG (Cluster of Orthologous Groups of proteins) database were used to classify differentially expressed genes. The transcriptome data have been submitted to the Gene Expression Omnibus (GEO) database, and the GEO accession number is GSE102600.
Reverse transcription and real-time quantitative PCR
Herein, one microgram of DNase-treated RNA was reversetranscribed using a reverse transcription kit (Thermo Scientic, Lithuania). The RT-qPCR reactions of interested genes were performed using the SYBR Premix Ex Taq™ (Tli RNaseH Plus) quantitative uorescence kit (TaKaRa, Dalian, China) in ABI StepOnePlus Real-Time PCR Systems (Applied Biosystems, CA, USA) following the manufacture's instructions. The primers used for amplication were designed using primer 5, with the product size between 150 and 250 bp, and the primer sequences are listed in Table 3 . The relative expression was calculated using the 2 ÀDDC T method, as described by Schmittgen and Livak. 32 Actin binding gene was used as an internal reference. In this pH assay, the reference was a pH 3.0 medium. The growth of P. citrinum X9-4 is shown in Fig. 1 . The strain could grow within a wide pH range, but the alkaline environment was unsuitable for its growth. When the strain was cultured at pH 11, the colony diameter was 12 mm, half of that of the strain cultured at pH 7, which was the most favorable pH for growth. In contrast, colony diameters were very close when the pH of the culture medium was between 3 and 9. With regard to the inuence of pH on toxin production by the strain, toxin production was high in the medium with pH 5 and 9, and the highest concentration of the toxin was 25.6 ng g À1 at pH 5. It was also observed that when the strain was cultured at pH 3, no OTA was detected; this indicated that its biosynthesis was inhibited in an acidic environment.
It was found that the OTA-producing strain A. niger not only adapted to a wider pH range for growth, but also produced OTA in a wider pH range. 34 It was also reported that A. carbonarius and A. niger could grow and produce OTA well in a wider pH range, 35 and the highest level of OTA production was observed at pH 5.35. Our result was well consistent with that reported by Passamani about the effect of pH on OTA production in A. carbonarius and A. niger. 35 
Relative expression of proteins involved in OTA biosynthesis in response to different pH conditions
The production of OTA by P. citrinum in an acidic environment was lower than the minimum limit of detection of an HPLC uorescence detector, but OTA concentration reached 25.6 ng g À1 at pH 5. This means that OTA production under acidic conditions is restrained. To investigate the mechanism of how an acidic environment restricts the OTA biosynthesis, total proteins of P. citrinum cultured at pH 3 and 5 were extracted. As shown in Fig. 2 , a total of 300 protein spots were detected on each gel using PDQuest, containing 90 differentially expressed proteins (ratio $ 2.0), and 25 of the best-resolved spots were identied by MALDI-TOF/TOF MS ( Table 1) . 
Analysis of the differentially expressed proteins
The synthesis of OTA by P. citrinum may be associated with basic metabolism (Fig. 3) . When P. citrinum was cultured at pH 5, metabolism-and synthesis-related proteins, such as fructosebisphosphate aldolase (FBA, spots 11 and 4) and nucleosidediphosphate-sugar epimerase were up-regulated. FBA can reversibly catalyze fructose 1,6-diphosphate to two triose, dihydroxyacetone phosphate and glyceraldehyde 3-phosphate. This reaction exists in both glycolytic/gluconeogenesis pathway and pentose phosphate pathway (PP pathway), which provide energy and substrate for biological synthesis and metabolism. Transaldolase (spot 14) was down-regulated when P. citrinum was cultured at pH 5. This enzyme is involved in PP pathway and can transfer the dihydroxyacetone part of 7-phosphosedoheptose to glyceraldehyde-3-phosphate, thus the down-regulation of transaldolase may be decreased acetone necessary for OTA synthesis in P. citrinum. Energy is essential for the biosynthesis of OTA, and PP pathway is an important source to provide NADPH. 36 In this study, the expression of 6-phosphogluconate dehydrogenase (6PGDH, spot 25) was decreased when the strain was cultured at pH 5. 6PGDH is generally considered to catalyze the following reactions with the generation of NADPH: 6- 37 Adenosine phosphate protein subunits (spot 18) are involved in the process of generation of biological energy, and dipeptide adenosine phosphate is involved in the synthesis of dTDP-4-ethyl amide group-alpha-D-trehalose (dTDP-N-acetylthomosamine) in Haemophilus parasuis; the results are presented in Uniprot. Under the acidic conditions, a part of the proteins involved in energy metabolism was up-regulated, and other was down-regulated in the strain X9-4.
6PGDH (spot 25) in the process of metabolism in the PP pathway produces a substance called NADPH, which can protect cells from oxidation. Thus, 6PGDH is involved in energy metabolism and can cause stress. Aldehyde dehydrogenase (spot 23) plays an important role in improving the resistance of organisms. Guo et al. showed that under a low-temperature stress, genetically modied (SoBADH gene) strain exhibits high aldehyde dehydrogenase activity and signicant improvement in frost-resistance ability.
38 There were also differentially expressed proteins, such as 70 kDa heat stress protein (spot 3), related to the immune response.
The toxin needs to be discharged by the translocator aer its production. The expression of glutathione S-transferases 39 (GSTs, spot 8) was up-regulated under the culture condition of pH 5. GSTs are a set of multifunctional isozymes widely distributed in various organisms, and their function involves coupling the electrophilic group of substances with the mercapto group of reduced glutathione; this makes it easy for the substances to cross the cell membranes by increasing their hydrophobicity. It was observed that there was positive correlation between up-regulated enzymes of GSTs and the efficiency of OTA production, the concentration of OTA in P. citrinum was increased when the expression of GSTs was up-regulation. ABC transporters (spot 9) is a type of protein across the membrane, which widely exists in various organisms in the range from bacteria to humans. Its main function is to transfer the substrate combined with it outside the cell using ATP. SAM (Sterile Alpha Motif) function domain (spot 12), which is upregulated under the culture condition of pH 5, is a protein interaction between protein models, for example, SAM functional domains at the C terminal of p63 and p73 work by recruiting other protein effectors to regulate the functions of p63 and p73.
Relative expression of the genes involved in OTA biosynthesis in response to different pH conditions
Via sequencing, the large-scale transcriptome data were obtained from P. citrinum (Table 2) , and there was a total of 9.91 Gb clean and high-quality sequences, which were suitable for subsequent analysis.
There were different gene expressions at different time and space phases; external stimulus and internal environment also affected gene expression. Differentially expressed genes (DEGs) are the genes differently expressed under two different conditions (e.g., control and processing, wild type and mutant type, different time, different organizations, etc.). In this study, the difference in OTA synthesis ability may be caused by differences in gene expression; therefore, it is essential to study the differently expressed unigenes of P. citrinum cultured at pH 3 and 5. By comparing the results, we found 2200 DEGs between two samples (fold change $ 2 and FDR < 0.05); among them, 1024 genes were up-regulated and 1176 were down-regulated. P3_vs._P5 were used to categorize differentially expressed genes; henceforth, up-regulated genes have a higher expression level in the sample group P5 than that in the sample group P3 and vice versa. To analyze the function of these differentially expressed genes, we performed the GO and COG annotations and classication (Fig. 4) . We divided 4545 unigenes into three GO function categories, which were further divided into 57 categories; many unigenes were assigned to different categories simultaneously. Then, the percent of DEG unigenes from each category was calculated. From the results of "biological process" category, the highest category of differentially expressed unigenes was "metabolism" of 1002 (12.28%); the differentially expressed unigenes in "Molecular function" category was "catalytic activity of 822 (12.61% of gaia category), and the "combination", 623 (11.91%); the two high percentage categories of "cells" category were "cell part" (582, 10.39%) and "cell" (579, 10.42%). These results suggest that the difference in OTA production by P. citrinum may be due to the several differentially expressed genes in the categories, and differentially expressed genes in these categories accounted for a big proportion; this provides the direction for the subsequent analysis.
Regarding the transcriptome data for P. citrinum cultured at different pH values, it was observed that the acidic pH inhibited the toxin synthesis due to the low expression of some metabolic pathway-related enzymes. Additionally, the expression levels of some genes involved in the regulation of the biosynthesis of toxins were inhibited in P. citrinum cultured under an acidic environment; this could also reduce the synthesis of toxins. The DEGs were classied in the most enriched categories including amino acid transport and metabolism, transport and metabolism of carbohydrates, inorganic ion transport and metabolism, biosynthesis of secondary metabolites, and energy and supply metabolism. These differentially expressed genes are likely to be involved in the synthesis and OTA regulation process. To verify the differences in these genes expressed in the OTA synthesis, the mRNA levels of 14 unigenes, which were differently expressed genes and associated with toxin production, were analyzed by RT-qPCR (Fig. 5) . From the results of P. citrinum cultured at pH 5, the expression levels of these genes were obviously higher than those of the strain cultured at pH 3. These results were consistent with those of transcriptome data analysis.
In conclusion, the results indicated that low pH conditions inhibited the biosynthesis of OTA in P. citrinum. The proteomics technique employed to investigate differentially expressed proteins of P. citrinum under different pH culture conditions revealed that the expression levels of 11 proteins, accounting for 44% of the total number of proteins, were up-regulated in the medium of pH 5 as compared to those at pH 3. In contrast, the expression levels of most basic metabolism-and synthesisrelated proteins, as well as of those related to energy supply, were decreased; this made it difficult for cells to maintain the life activities. Fructose-diphosphate aldolase, acetone phosphate acid hydratase, adenosine phosphate subunits, and glutathione S-transferase activities were decreased under the low pH (3) culture condition of P. citrinum. Fructosediphosphate aldolase provides ATP and substrate for organisms, and glutathione S-transferase may be associated with toxin transport. Under the low pH (3) condition, the expression levels of fructose-diphosphate aldolase and glutathione were limited, whereas those of the stress-related proteins, such as some signal transduction and dehydrogenate-related proteins, increased. The expression level of glucose-6-phosphate dehydrogenase was increased under low pH (3) conditions; this protected the strain from stress. Through the analysis of the transcriptome data of P. citrinum cultured under different pH conditions, the mechanism of OTA biosynthesis and metabolic regulation has been revealed. Under the two pH conditions of 3 and 5, 19 598 unigenes were identied. The results indicated that some genes played important roles in OTA synthesis by P. citrinum. These genes mainly encoded acetyltransferase, polyketone synthase phosphate generic acyl cysteamine-combined domain, acyl coenzyme A oxidase, alcohol oxidase, NAD(P)-binding protein, acetyl xylan esterase, cytochrome P450, ABC transporters, beta ketone enzyme domain protein, turn ketol enzyme, aldol enzyme, and alcohol dehydrogenase. Some proteins were consistent with the results of the two-dimensional technique; however, many important enzymes could not be identied by this technique due to technical reasons. These transcriptome ndings provided the basis for the molecular level for further studies of OTA biosynthesis by P. citrinum and Penicillium species. Finally, the transcriptome data for P. citrinum not only revealed the possible mechanism of OTA synthesis and molecular regulation in P. citrinum, but also provided scientic guidance for controlling the OTA synthesis.
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